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H I G H L I G H T S
• Plants were exposed to factory process particles via atmosphere or soil transfer. • Pathways of Pb uptake were investigated using microscopy and spectroscopy. • Contrary to lettuces, Pb speciation has changed in the leaf surfaces of rye-grass. • In the case of root exposure, pyromorphite was formed in the leaves of ryegrass. • Pb compartmentalization and speciation depend on transfer way and plant species.
G R A P H I C A L A B S T R A C T a b s t r a c t
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Microscopy and spectroscopy techniques
In urban areas with high fallout of airborne particles, metal uptake by plants mainly occurs by foliar pathways and can strongly impact crop quality. However, there is a lack of knowledge on metal localization and speciation in plants after pollution exposure, especially in the case of foliar uptake. In this study, two contrasting crops, lettuce (Lactuca sativa L.) and rye-grass (Lolium perenne L.), were exposed to Pb-rich particles emitted by a Pb-recycling factory via either atmospheric or soil application. Pb accumulation in plant leaves was observed for both ways of exposure. The mechanisms involved in Pb uptake were investigated using a combination of microscopic and spectroscopic techniques (electron microscopy, laser ablation, Raman microspectroscopy, and X-ray absorption spectroscopy).
The results show that Pb localization and speciation are strongly influenced by the type of exposure (root or shoot pathway) and the plant species. Foliar exposure is the main pathway of uptake, involving the highest concentrations in plant tissues. Under atmospheric fallouts, Pb-rich particles were strongly adsorbed on the leaf surface of both plant species. In lettuce, stomata contained Pb-rich particles in their apertures, with some deformations of guard cells. In addition to PbO and PbSO 4 , chemical forms that were also observed in pristine particles, new
Introduction
Atmospheric contamination by airborne particles (PM) enriched with metals has increased in regions with intense industrial activity (Douay et al., 2008; Perrone et al., 2010; Polichetti et al., 2009; Pruvot et al., 2006) and different megalopoleis in the world, particularly in Asia, Africa, and Latin America (Moffet et al., 2008; Park and Dam, 2010; Sammut et al., 2010; Shi et al., 2012; Waheed et al., 2011) . Health risks associated with these atmospheric contaminations may arise mainly from inhalation of particles and consumption of polluted vegetables (Morman and Plumlee, 2013) . For example, in industrial areas, Pb concentrations in crop plant tissues were reported to be two orders of magnitude higher than the European threshold of 0.3 mg Pb kg − 1 fresh weight (Caggiano et al., 2005; Gonzalez-Miqueo et al., 2010; Honour et al., 2009; Tomasevic et al., 2005) .
Metals can be accumulated in plant leaves through both root transfer and translocation (Estrella-Gómez et al., 2009; Piechalak et al., 2002; Uzu et al., 2009; Yanqun et al., 2004; Zhang et al., 2008) and/or foliar transfer after deposition of atmospheric particles on the leaf surfaces (Schreck et al., 2012a, and references therein) . According to the pollution context, the foliar transfer of metals can be neglected, or in contrast appears as the main pathway of pollution, particularly when ultra-fine particles interact with plant leaves (De Temmerman et al., 2012; Feng et al., 2011; Hu et al., 2011; Schreck et al., 2012a) and especially as lead has relatively low mobility in soil and is generally weakly phytoavailable by root uptake. Recently, working on lead uptake, Schreck et al. (2013) showed that root and shoot metal uptake pathways are independent, with an additive effect in terms of phytotoxicity. However, even if the foliar pathway is better known nowadays, mechanisms involved in metal uptake, transfer, and trafficking in leaf tissues are still less investigated (Zangi and Filella, 2012) . The type of exposure (root or shoot) may have different impacts on both metal compartmentalization (distribution at the tissue and cellular scale) and speciation in plants (Birbaum et al., 2010; Lei et al., 2008; Raskin et al., 1994; Sarret et al., 2013) and consequently metal bioavailability and toxicity. Thus, supplementary studies are needed to compare the two pathways of exposure in terms of metal transfer, their localization and speciation in plant tissues, and finally their environmental and health impacts.
Thus, the aim of this present study was to compare Pb compartmentalization and speciation in crops cultivated in the vicinity of a secondary Pb smelter and contaminated by Pb-enriched particles via either atmosphere-plant or soil-plant pathways.
In order to highlight the involved changes potentially occurring in the phyllosphere or rhizosphere and then in the plant (with possible bio-transformations), two morphologically contrasting plant species were chosen: Lactuca sativa L. (lettuce, cultivar Batavia), with large, soft, frilly, and smooth leaves forming a loose leaf head, and Lolium perenne L. (rye-grass), with smooth and glossy leaves on the lower surface and parallel sides and prominent parallel veins on the upper surface.
These two plants are relevant models in terms of sanitary risk assessment, and are handled differently depending on their use and consumption. L. sativa L. is one of the most frequently self-grown vegetables, whereas L. perenne L. is consumed as fodder by cattle, with possible human impacts through dairy products and meat (Schreck et al., 2012a) . Pb compartmentalization and speciation were studied at various scales, from macro-to micro-and molecular-level scales. After carrying out bulk inductively coupled plasma mass spectrometry (ICP-MS) analyses, Pb concentrations in leaf spots were determined by laser ablation (LA)-ICP-MS. Major Pb chemical forms were determined by Pb LIIIedge X-ray absorption spectroscopy (XAS), and Pb speciation at the microscopic scale was studied by scanning electronic microscopy coupled with energy dispersive X-ray microanalysis (SEM-EDX) and Raman microspectrometry (RMS). Pristine and aged particles from the secondary Pb smelter were also studied. To our knowledge, this is the first comparison of metal compartmentalization and speciation performed with an unprecedented combination of techniques as a function of the exposure pathway: soil versus atmospheric pollution, and in addition this study was done on plants from a field experiment.
Materials and methods

Description of the field exposure area and characterization of atmospheric fallouts
Plant exposure experiments were performed in the courtyard of a secondary Pb smelter that recycles car batteries, located in the southwest of France in the peri-urban area of Toulouse (43°38′12″ N, 01°25′34″ E). According to the French authorities (DREAL), the yearly emission of the smelter industry is 328 kg of total suspended particles. These emitted PMs have been previously characterized (Uzu et al., 2011) . The size distribution of PM is mainly in the 1-100 μm range (89% by volume fraction) with 9, 50, 20, and 21% in the PM N 10 , PM 10 , PM 2.5 , and PM 1 fractions, respectively. Pb is the major element in these atmospheric fallouts, comprising 33% of the total metal content, and its speciation was found to be mainly PbS, PbSO 4 , PbO · PbSO 4 , and PbO (Uzu et al., 2011) . During the vegetable exposure experiments, Pb concentration in industrial atmospheric fallouts was controlled in the smelter courtyard by collecting wet depositions in Owen gauges (Taylor and Witherspoon, 1972) , following the procedure described by Gandois et al. (2010) , Munksgaard and Parry (1998), and Schreck et al. (2012b) .
Plant characteristics and exposure experiments
Two separate experiments, that is, foliar and root metal transfers, were performed on both lettuce and rye-grass.
For the root transfer experiment, plants were cultivated individually in 5-l pots each containing 4 kg of soil collected in the vicinity of the smelter facility. The physico-chemical properties of the soil were previously characterized: pH water = 8.5, CEC = 6.9 cmol (+) kg −1 , amounts of soil organic matter and carbonates (CaCO 3 ) were respectively 6 and 4 g kg −1 . This soil was contaminated by metals and metalloids due to atmospheric deposition with a concentration of Pb of 2000 mg kg − 1 of dried soil. These plants were cultivated under an unpolluted atmosphere. Twenty-five plants of each species were cultivated for six weeks.
For the foliar transfer experiment, 45 pots, containing one plant each, were placed for six weeks in the smelter courtyard and exposed to Pb atmospheric fallouts. The Pb concentration in soil was checked and found to be less than 25.5 ± 1.6 mg kg − 1 of dried soil. A geotextile membrane was placed on the top of the soil to protect it from atmospheric fallouts and thus to avoid soil contamination and metal transfer via root uptake, as described by Schreck et al. (2012a,b) and Uzu et al. (2010) .
Light, temperature, humidity, and pluviometry were controlled during the whole of the experiment as reported by Schreck et al. (2012b) in order to reproduce the uptake pathways in the two separate experiments.
After six weeks of exposure, 10 plants of each species from the two experiments were harvested, and fresh shoot biomasses were measured. Only aerial parts were studied in order to focus on edible parts and the assessment of the risk involved.
Leaves were prepared for further analyses according to a human (lettuce) or animal (rye-grass) ingestion scenario for a better assessment of the health risks involved. A two-step washing method with deionized water was performed for lettuce shoots (Birbaum et al., 2010; Uzu et al., 2010) , whereas rye-grass was not washed in order to reproduce the scenario of consumption by cattle. Plants were then pooled, and aliquots were taken for elemental analyses, XAS, and microscopic observations.
Total Pb concentrations in plants leaves
Plant tissues were oven-dried at 40°C for 72 h. Mineralization was performed in aqua regia (mixture of 1/4 HNO 3 and 3/4 HCl) at 80°C for 4 h with a Digiprep® instrument (produced by SCP Science), which is a block digestion system allowing a high temperature and fast and uniform digestion of plant samples. Pb concentrations were measured by inductively coupled plasma-optical emission spectrometry (ICP-OES) (IRIS Intrepid II XXDL). Each sample was analyzed in triplicate and method control was performed with blank samples submitted to the same treatment (mineralization and assay). The limits of detection and quantification of Pb concentrations were 0.3 and 0.4 μg l −1 , respectively (Schreck et al., 2012a,b) . The accuracy of measurements was checked using reference materials: Virginia tobacco leaves, CTA-VTL-2, ICHTJ, and TM-26.3 certified reference material from the National Water Research Institute, Canada. The concentrations found were within 98% of the certified values.
Metal concentrations in plants were subjected to statistical analysis. An analysis of variance (ANOVA), using the software Statistica, Edition'98 (StatSoft Inc., Tulsa, OK) was performed on the measured values. Significant differences (p-value b 0.05) were determined by the LSD Fisher test.
Global enrichment factor (GEF) and bioaccumulation factor (BF)
The global enrichment factor (GEF) has been calculated to determine the degree of metal accumulation in leaves of plants grown on a contaminated site (with soil or atmospheric transfer) with respect to uncontaminated sites (Chopra and Pathak, 2013; Ngole, 2011; Singh et al., 2010) . Thus, GEF was calculated as: The GEF method calculation normalizes the measured metal to the metal content contribution from natural sources. An internal normalization was applied with a known background element such as elemental Mg.
The bioaccumulation factor (BF) was determined as the ratio of Pb concentration in plant leaves and Pb concentrations in contaminated soil as follows: Thus, BF is an indicative factor of root transfer.
Metal concentrations in Pb-rich leaf spots determined by LA-ICP-MS
LA-ICP-MS measurements were performed on leaves of L. sativa L. and L. perenne L. contaminated by atmospheric fallouts by using an ICP-MS (Thermo Fisher Scientific X Series 2 ICP-MS) with a collision cell, coupled to a laser ablation system (New Wave UP 213 nm). The dried leaf surfaces without further preparation were ablated by Nd-YAG ultraviolet laser (wavelength: 213 nm; repetition frequency: 20 Hz; spot size: 15 μmsingle points; laser power: 30%; dwell time: 2 s) and then transported by high purity helium as a carrier gas from the super cell into the spectrometer (He flow rate: 950 ml/min). The instrumental response was measured in counts per second (Cps) for the following isotopes: first Pb ( 206 Pb, 207 Pb, and 208 Pb) and then 24 Mg, 39 K, 40 Ca, 23 Na, 27 Al, 29 Si, 31 P, 33 S, and 35 Cl.
The ratios of Pb isotopes' intensities were related to Mg. Mg is considered as a background element in plant tissues, and therefore it was used to calculate local enrichment factors (LEFs). The reference ratio of Pb tot /Mg was calculated on the base of the intensity ratio for Pb-free spots. Areas of interest were selected based on the visual aspect of the surface leaves observed on optical microscopy images. Then, plain tissue of the leaves without any visible particle or darkening (defined here as "green area: ga"), necroses (necrotic areas: na), and particles deposited on the surface (dark spots: ds) were distinguished and analyzed. In order to assess the representative metal concentration in leaf spots, 10 analytical points for plain tissues, necroses, and dark spots were investigated for each leaf. The spots ablated with a laser were selected to represent the surface heterogeneity of leaves from lettuce and rye-grass species.
Study of Pb speciation in leaves by X-ray absorption spectroscopy (XAS)
XAS experiments were performed on the FAME beamline BM30 at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The beamline was equipped with a Si (111) double crystal monochromator, a 30-element solid state Canberra detector for fluorescence mode, and a diode for transmission mode. Pb speciation was studied in plant leaves after exposure as well as in pristine and two-year-old particles.
Reference Pb minerals included metallic Pb, PbS, PbSO 4 , α-and β-PbO, PbCO 3 , and Pb 3 (OH) 2 (CO 3 ) 2 , and pyromorphite Pb 5 (PO 4 ) 3 Cl (or chloropyromorphite). They were ground, diluted in N 2 , and pressed into 5-mm-diameter pellets. Sorbed and complexed Pb species included Pb-sorbed ferrihydrite containing 2% weight Pb prepared at pH 7.3, Pbsorbed birnessite containing 2% weight Pb prepared at pH 6.5, and Pbpectin containing 0.8% weight Pb. They were prepared in solution, freeze-dried, pressed into pellets, and re-humidified before the XAS measurements were carried out. Pb references in aqueous solution included free Pb 2+ [20 mM Pb(NO 3 ) 2 , pH 4.0] as well as Pb complexed to citrate [10 mM Pb(NO 3 ) 2 , 100 mM Na citrate, pH 5.4] and malate [10 mM Pb(NO 3 ) 2 , 100 mM Na malate, pH 5.0]. Glycerol (20% in volume) was added to the solution in order to avoid the formation of crystal ice. Pristine and aged particles were prepared like the Pb reference compounds.
Plant leaves were flash frozen in isopentane and transferred in a mortar cooled with liquid N 2 , and the frozen powder was pressed into pellets in liquid N 2 . Pellets were transferred in a He cryostat cooled at 10 K for XAS data acquisition. Spectra were recorded in fluorescence mode. Five to ten spectra of 30 min each were recorded for each sample, and the beam was moved between each spectrum to limit possible radiation damage. Data from each detector channel were inspected for glitches or dropouts before inclusion in the final average. XAS data extraction treatment was done using ATHENA software (Ravel and Newville, 2005) . X-ray absorption near-edge structure (XANES) spectra were calibrated by taking the inflection point of metallic Pb at 13,035.0 eV. Normalized XANES and extended X-ray absorption fine structure (EXAFS) spectra were treated by linear combination fits of reference compounds' spectra as described previously (Huguet et al., 2012) . The quality of the fits was evaluated by the normalized sum of squares of residuals. For the XANES part, no E 0 shift or slope correction was allowed. The spectrum for the pristine particles was included in the library of reference compounds for the fit of the aged particles, and both the pristine and aged particles were used as reference compounds for the fit of the plant spectra. Principal component analysis was not used because the set of spectra was too limited.
Identification of Pb-enriched area by SEM-EDX and Raman microspectroscopy (RMS)
Environmental SEM-EDX measurements using a Quanta 200 FEI instrument equipped with a Quantax EDX detector were carried out to investigate the morphology and elemental distribution of the Pbenriched areas observed on the leaf surfaces. Five samples of each exposure condition and plant species were observed in order to check and validate our observations. All the leaves were dried and fixed on a carbon substrate without any further preparation before analysis. The apparatus was operated in low-vacuum mode (~133 Pa) at 25 kV.
RMS was used to provide molecular characterization of particles deposited onto surface leaves. RMS measurements were carried out with a LabRAM HR UV spectrometer (Horiba, Jobin Yvon) using a 40× Mitutoyo objective. The Raman scattering was excited with the 325 nm UV laser and the spatial resolution was less than 1 μm 3 . Measurements were carried out without any further preparation of vegetable samples and focused on metal-enriched areas previously observed by SEM-EDX. For identification of molecular species, the experimental spectra (band wavenumbers and relative intensities) were compared with reference spectra acquired for pure compounds.
The SEM-EDX and RMS were performed on the adaxial faces of the leaves of vegetables contaminated by atmospheric deposition.
Results
Total Pb concentrations in leaves, global enrichment factors (GEFs), and bioaccumulation factors (BFs)
Table 1 reports Pb concentrations in plant leaves and enrichment and bioaccumulation factors for the two plant species and foliar or root exposure (with the same exposure time). Significantly higher metal concentrations (p b 0.001) were observed in exposed plants as compared to controls, regardless of the type of exposure. Pb leaf content was five (for rye-grass) and eight times (for lettuce) higher for foliar exposure than for root exposure (Table 1 ). The higher value was observed for unwashed rye-grass leaves exposed to atmospheric fallouts (700 mg kg −1 of dried shoots) whereas the lower value was observed for lettuce leaves exposed to polluted soil (35.6 mg kg − 1 of dried shoots). For the foliar exposure, a four-fold higher Pb concentration was observed in the leaves of rye-grass as compared to lettuce (Table 1) . Interestingly, in the case of foliar exposure, the calculated GEF is similar for the two species, since the Pb content in control leaves is 3.8 times higher for rye grass than for lettuce. For the root exposure, BFs were rather low (b0.05), and a higher Pb content (more than double) was also observed in rye-grass leaves as compared to lettuce leaves.
Metal concentrations in particle-rich leaf spots determined by LA-ICP-MS
The LA-ICP-MS results of 24 Mg, 39 K, 40 Ca, 23 Na, 27 Al, 29 Si, 31 P, 33 S, 35 Cl, and Pb concentrations found in lettuce and rye-grass leaves in spots contaminated by atmospheric fallouts are reported in Supporting information S1. Supporting information S1a and S1b show the normalized mass spectra of selected ablated spots on the lettuce leaves and rye-grass, respectively. For all leaf samples, 39 K, 40 Ca, Pb, and 40 Si exhibited the highest intensities in the mass spectra.
In lettuce leaves, the highest Pb concentration was found in the spots with visible fine individual particles (b1 μm) trapped on the surface (ds4 and ds1) and in necrotic zones (na1, na2, and na3). A moderate Pb concentration was also detected in clean parts of the leaves (ga3, ga4, and ga2).
Local enrichment factors (LEFs) were evaluated using the Pb tot /Mg ratio. The value for the control is 0.068 (with 19.066% relative standard deviation, RSD). LEFs for the spots are listed in Table 2 .
LEF values ranged from 0.7 to 1286 in dark spots, 0.8 to 10.4 in necrotic areas, and 1 to 22 in green areas. Moreover, LEF N 1 was also found close to leaf veins, with LEF varying between 2.2 and 6. The isotopic ratio for three Pb isotopes ( 206 Pb, 207 Pb, and 208 Pb) appeared relatively uniform. The average ratio for 206 Pb/ 207 Pb and 208 Pb/ 206 Pb varied slightly from the reference value recorded on pristine particles and bulk samples of lettuce leaves, but the difference did not exceed 20%. The average ratio 208 Pb/ 207 Pb was in very good agreement with the reference.
In rye-grass leaves, the highest Pb concentrations were not only found in dark spots corresponding to particles trapped on the leaf surface (see Supporting information S1b, spots ds3, ds4, ds8, ds6, and ds5), but also in the plain tissue (ga) without any visible changes on the surface (ga3, ga2). One spot with 99% Pb comprising the total intensity of the mass spectrum is not presented in S1b due to the exceptionally high level of Pb in this spot. This spot corresponds to a coarse individual Pb-rich particle (N10 μm) freshly deposited on the leaf surface. LEFs are shown in Table 2 . In dark spots, LEF values range from 3.1 to 2562.6, showing a strong variation of Pb concentration, which is likely related to the particle sizes in enriched spots. Unaffected areas (i.e. ga) always showed a detectable Pb signal, suggesting that Pb had diffused from the surface within the leaf tissue. The LEF values vary between 0.6 and 34.8, indicating a variation in concentration within the leaves. Fig. 1 shows the XANES and EXAFS spectra for the Pb reference compounds. Pb malate and Pb citrate solutions have very similar spectra, but differ from Pb-pectin, which is used as a proxy for Pb bound to polysaccharides of the cell wall. The chemical form of Pb in the particles and in the plant tissues was determined by linear combination fits of XANES and EXAFS spectra (Fig. 2 and Table 3 ). Pristine and aged particles were correctly fitted with a mixture of αPbO and PbSO 4 , with a higher proportion of the latter species in the aged particles. For these samples, the sum of percentages determined by EXAFS linear combination fittings (LCF) was well below 100% (55 and 72%), which might be due to sample heterogeneities. This effect was not observed in the XANES results, so they were considered more reliable. Anyway, both results point to an increase in PbSO 4 during aging, as already reported by Uzu et al. (2009 Uzu et al. ( , 2011 .
Pb speciation in leaves determined by XAS
The XANES spectrum for the leaves of rye-grass after foliar exposure was best fitted with a mixture of 65% Pb-cell wall complexes and 35% Pb-organic acids (Pb-OAs). The EXAFS fit showed a slightly different result, with a majority of Pb-OAs. For the same reason as mentioned above, the XANES fit was considered more reliable, but both results are consistent with a complexation of Pb by COOH/OH-containing molecules. For the rye-grass leaves after root exposure, Pb was present as half pyromorphite, the second half being Pb-cell wall (based on XANES) and undetermined (based on EXAFS). No satisfactory fit was obtained if pyromorphite was excluded, which provides support for the presence of this mineral. For the lettuce leaves after foliar exposure, a majority of αPbO and PbSO 4 was found, and secondary species (Pb-OAs and possibly other species) represented 20% of total Pb. Finally, due to the relatively low Pb concentrations in lettuce shoots after root exposure, a XANES spectrum could not be provided for this sample.
Pb-enriched area identification by SEM-EDX and RMS characterization
Lettuce and rye-grass leaves contaminated by atmospheric deposition were analyzed by SEM-EDX and RMS in order to observe the leaf surface morphology and to characterize Pb-containing species possibly present on or near the leaf surface. Large necrotic areas and fine particles were observed on the surface of lettuce leaves by SEM-EDX, and some particles were found within stomata (Supporting information S2). Ca and Mn were mainly detected in necroses and identified by RMS as CaCO 3 and (Ca,Mn)CO 3 species. Fine particles were composed of Pb, Ca, Na, and K or of Pb, Ca, Na, and Fe. RMS measurements identified PbSO 4 , PbO · PbSO 4 , CaCO 3 , Na 2 CO 3 , and α-Fe 2 O 3 minerals (Fig. 3) , which is consistent with XAS results. Typical Raman bands of carbon at~1300 cm −1 and~1600 cm −1 were identified in all Raman spectra recorded. Carbon formation is due to the degradation of the cuticular wax by the laser beam.
Detailed observation of stomata located on necroses on BSE images showed some deformation of stomata, which became turgid (Supporting information S2). In many cases a disruption of the guard cells or of the cuticle covering the guard cells was observed, with particles trapped in organic folds (Supporting information S2d). As expected, the elemental composition of non-deformed stomata which were free from particles was mainly Na, Mg, Ca, K, Cl, P, and Mn, whereas Pb was identified within deformed stomata tissues (guard and epidermal cells).
Finally, numerous Pb-rich hexagonal platy crystals were evidenced by SEM-EDX ( Fig. 4a and b, detailed view) . Cerussite (PbCO 3 ) was also identified by RMS with a strong Raman band at 1059 cm − 1 related to CO 3 2 − stretching mode (Fig. 3a) . Pb carbonate was also identified in pristine and aged particles but without such a hexagonal morphology.
For rye-grass, a large number of fine individual particles (b5 μm) and coarse aggregates were observed by SEM-EDX. Particles or aggregates were found as deposits on the leaf surface or trapped in leaf asperities (Supporting information S3). Elements detected in the leaf tissue included Na, Mg, K, Ca, P, Cl, and Si, whereas particles or aggregates were mainly composed of Pb, Fe, S, Ca, Na, and Cl. The main minerals identified by RMS in particles were α-FeOOH, Fe 3 O 4 , PbSO 4 , CaSO 4 · 2H 2 O, and CaCO 3 (Fig. 3b) . Finally, the typical Raman bands of carbon were also observed in all the Raman spectra recorded on ryegrass leaf surfaces, showing the degradation of the cuticular wax when particles were analyzed. PbSO 4 was often associated with Ferich or Ca-rich species, as seen in the molecular image shown in Supporting information S4. Atmospheric particles were often composed of aggregates of Pb-rich species and Fe 2 O 3 and/or CaSO 4 and/or Na 2 SO 4 as a complex mixture.
Discussion
Influence of the plant species on metal transfer and accumulation in shoots
Relatively high Pb concentrations in leaves were observed for both plant species and both pathways of exposure. For the foliar exposure, a four-fold higher Pb concentration was observed in the leaves of rye-grass as compared to lettuce (Table 1) . This is partly due to the fact that, unlike lettuce leaves, the rye-grass leaves were not washed and might support Pb-rich particles just deposited on the leave surfaces. However, a measure of Pb concentration in rye-grass after the same washing step as performed for lettuce permits the amount of metal removed to be estimated as 29%. That value is quite consistent with previous studies performed on lettuce samples exposed to similar conditions and showing that the washing procedure removed a maximum of 25% of the total Pb (Schreck et al., 2012a,b) . Using this percentage (29%) for rye-grass, the Pb content for washed rye-grass can be calculated and is about 500 mg kg −1 DW, which is still more than about threefold higher than the content in lettuce. Thus, the foliar uptake of Pb was considered higher for rye-grass than for lettuce, especially as the BF was higher for rye-grass than for lettuce, and the GEF factors were relatively similar between lettuce and rye-grass.
Influence of the uptake pathway on Pb compartmentalization and speciation for each plant species
For rye-grass, EXAFS analysis performed on both foliar and root exposed shoots permits the conclusion that Pb speciation in leaves differed significantly according to the pollution context. Actually, Fig. 1 . Pb LIII-edge XANES (a) and EXAFS (b) spectra for Pb reference compounds. after foliar exposure, a majority of Pb-organic species (Pb bound to polysaccharides of the cell wall and Pb-organic acids) was observed. PbSO 4 identified only by RMS on the leaf surface but not detected by XAS was classified as a minor species.
The typical Raman bands of carbon recorded on the rye-grass leaf surface showed the degradation of the cuticular wax when particles were analyzed. This may suggest that particles might also be trapped within the cuticular wax. PbSO 4 was often associated with Fe-rich or Ca-rich species, suggesting that Pb-rich particles were often found on the leaf surface as complex aggregates likely trapped in cuticular wax.
Changes in speciation from inorganic to organic species were consistent with LA-ICP-MS results, showing a diffuse Pb concentration on all regions of the leaf (in ga spots). Thus, without any washing process, Pb-rich particles deposited on rye-grass leaf surfaces likely underwent dissolution followed by the transfer of Pb inside the leaf tissue. In ryegrass leaves after root exposure, pyromorphite and Pb bound to polysaccharides of the cell wall were the major components. These results suggest that Pb sequestration mechanisms differ as a function of exposure pathway. Published data on metal speciation in plants mostly concerns root exposure experiments (Becker et al., 2008; Huguet et al., 2012; Tian et al., 2010) . The association of Pb with cell wall components was previously observed by EXAFS as the main Pb storage mechanism in the leaves of both accumulator and non-accumulator ecotypes of Sedum alfredii after Pb root exposure (Tian et al., 2010) . The formation of pyromorphite was observed by EXAFS in the leaves of Phaseolus vulgaris after Pb root exposure . A transmission electron microscopy-energy dispersive X-ray (TEM-EDX) study on the roots of the Pbresistant signal grass (Brachiaria decumbens Stapf) and of the Pbsensitive Rhodes grass (Chloris gayana Kunth) showed the presence of pyromorphite both in the apoplasm and in the vacuoles of root cells, with a higher accumulation of this mineral in the apoplasm of the tolerant species (Kopittke et al., 2007) . It is not clear whether the formation of pyromorphite is driven by the plant as a detoxification mechanism or is the result of local supersaturation with Pb, P, and Cl. Still, this mineral is an efficient trap for Pb due to its very low solubility. The formation of pyromorphite in Pb-contaminated soils was also observed as a result of root and fungal activities (Laperche et al., 1997; Sayer et al., 1999; Rhee et al., 2012; Shahid et al., 2012) . The presence of Pb-organic acid complexes might be interpreted as Pb sequestration in vacuoles, as previously observed for Zn, Ni, and Cd in various plant species (Muschitz et al., 2009; Sarret et al., 2013) .
In lettuce, Pb speciation in leaves after foliar exposure (determined by XAS) was significantly different both from Pb speciation in pristine particles and from that in rye-grass leaves. Original minerals (αPbO and PbSO 4 ) were still the major species, but organic lead compounds were also observed (minimum amount: 20%). This latter species may be present in or on the cuticle or inside the leaf. Actually, the incorporation of Pb-rich particles in the leaf tissue has been suggested by the combined experiments used. Moreover, Raman spectra results suggest that particles are embedded in the cuticular wax as previously demonstrated (Schreck et al., 2012a,b) . However, this minor proportion of internalized Pb suggests a limited aging of the particles deposited on the leaf surface and limited transfer of Pb throughout the leaf. In addition, some hexagonal platy crystals of cerussite (PbCO 3 ) were identified on the leaf surface by RMS. The fact that they were not detected by XANES and EXAFS suggests that they represented less than 20% of total Pb. Pb carbonates were also identified in pristine and aged particles but this hexagonal morphology has never been observed. The reaction between PbO and CO 2 in a humid atmosphere might lead to the formation of PbCO 3 as a coating on a PbO surface. The formation of pure cerussite particles with a perfect hexagonal morphology implies a solubilization-crystallization process at the leaf surface. The formation of such cerussite hexagonal crystals was described as a result of interaction between micrometer-scale PbSO 4 and CaCO 3 particles exposed to humidity (Falgayrac et al., 2013) or between CaCO 3 and saturated Pb 2+ solution (Godelitsas et al., 2003) . The formation of these phases could also result from the interaction with biochemical compounds present in the phyllosphere (Rajkumar et al., 2012; Timms-Wilson et al., 2006) . Detailed observations of stomata located in necrotic zones and containing some particles in the stomatal openings showed some deformations of the guard cells. To our knowledge, these kinds of stomatal deformations have never been reported in leaves contaminated by particles. These disruptions attest some toxicity for the stomatal cells, and they probably also perturb the gas exchanges of the plant.
All these results therefore support the hypothesis of a change in Pb compartmentalization and speciation due to absorption and translocation processes occurring in the plant that would differ depending on the mode of Pb-plant interaction. According to the pathway of lead transfer, several mechanisms are described in the publications; they differ in the rhizosphere in comparison with the phyllosphere. Thus the metal translocation in plants could also differ. In the case of root exposure, the influence of the rhizosphere activity on the status of metals or metalloids in the substrate has been evidenced in many studies (Bravin et al., 2008 Jouvin et al., 2012; Rajkumar et al., 2012; Panfili et al., 2005; Wenzel, 2009 ). After root uptake, metals are transferred by the apoplasmic pathway or symplastic transport across the root cortex to plant storage tissues in different ways depending on the plant and metal considered (Colangelo and Guerinot, 2006; Michaud et al., 2007; Tudoreanu and Phillips, 2004) . In the case of foliar transfer, particles may be trapped on the leaf surface of plants due to leaf hairs and wax cover (Saebø et al., 2012) , depending on their size (Eichert et al., 2008; Schreck et al., 2012a) . Metal-containing particles deposited on the phyllosphere (in direct contact with the atmosphere) are subjected to changes in humidity, temperature, and physico-chemical conditions. Moreover, the phyllosphere hosts an intense microbial activity and is a place of excretion of various inorganic and organic compounds (Lindow and Brandl, 2003; Timms-Wilson et al., 2006) . Thus, these mechanisms involved in the rhizosphere and/or the phyllosphere zones could be effectively responsible for the observed metal speciation and compartmentalization changes as a function of the plant species (as, for instance, the nature and quantities of root and foliar exudates depend on the plant considered). In addition, after its plant uptake, the metal may undergo biotransformation in the plant directly in relation to the plant species and certainly as a function of the pathway of transfer.
Implications for risk assessment
The accuracy of human health risk assessment in the case of ingestion of polluted vegetables might be considerably improved by taking into account the compartmentalization and speciation of metals in edible parts of plants. Actually, the relationship between metal speciation and bioaccessibility by ingestion for humans is well recognized in soils (Batista et al., 2011; Denys et al., 2009; Smith et al., 2008) . Han et al. (2012) reported that the bioaccessible Pb form was significantly correlated to the Fe-Mn oxides-bound, carbonate, and organically bound Pb fractions. This is consistent with the fact that these fractions are unstable in an anoxic and reducing environment such as the gastrointestinal tract (Marschner et al., 2006) .
The present study suggests that Pb speciation in plants depends on exposure conditions and plant species. Pb-organic species and PbCO 3 identified in plant tissues (and not present in source particles) could represent toxic forms due to their relatively high bioavailability for humans and/or animals.
Conclusions and perspectives
Exploring the pathway of Pb transfer at different scales by combining various techniques for two different plant species, the present study shows for the first time that Pb localization and speciation in plants strongly depend on exposure conditions (atmospheric versus soil) and plant species (i.e., morphology, physiology, home-preparation, and consumption mode).
The complementarity between bulk XAS, which provides the average Pb speciation and is sensitive to diffuse Pb-organic complexes present in the leaf tissue, and RMS and SEM-EDX, which can detect additional Pb mineral species present on the leaf surface, even if they account for a minor proportion of the Pb species, was essential to clarify the fate of metal in plants. Further studies are in progress to better explore the link between metal compartmentalization and speciation and its bioavailability and (eco)toxicity and finally their potential implications in terms of risk assessment.
More plant species, metals, and environmental conditions (climatic, pedologic …) could be investigated in order to assess environmental and health risks and to give special recommendations for the management of polluted sites. Moreover, microbiological studies could bring relevant information to better understand the phenomena involved in the complex rhizosphere and/or phyllosphere interfaces.
